The purpose of this study was to evaluate the setup uncertainties for single-fraction stereotactic radiosurgery (SF-SRS) based on clinical data with two different mask-creation methods using pretreatment con-beam computed tomography imaging guidance. Dedicated frameless fixation Brain-LAB masks for 23 patients were created as a routine mask (R-mask) making method, as explained in the BrainLAB's user manual. Alternative masks (A-masks), which were created by modifying the cover range of the R-masks for the patient's head, were used for 23 patients. The systematic errors including these for each mask and stereotactic target localizer were analyzed, and the errors were calculated as the means ± standard deviations (SD) from the left-right (LR), superior-inferior (SI), anterior-posterior (AP), and yaw setup corrections. In addition, the frequencies of the threedimensional (3D) vector length were analyzed. The values of the mean setup corrections for the R-mask in all directions were < 0.7 mm and < 0.1
I. INTRODUCTION
The development of image-guided systems has led to the increasingly popularity of single-fraction stereotactic radiosurgery (SF-SRS) for the treatment of primary brain tumors and solitary brain metastases [1] . In addition, SF-SRS has no inter-fraction patient random error or machine systematic error [2, 3] . On the other hand, * E-mail: eckim@yu.ac.kr; Fax: +82-53-810-2343 SF-SRS can lead to an increased risk of complications if the geometric accuracy is insufficient because of its high prescription dose in a single fraction. Therefore, high geometric accuracy is particularly important for the clinical applications of SF-SRS [4] . A number of studies have verified the geometric uncertainty of patient immobilization and localization systems, such as invasive frame [5, 8] or frameless-based dedicated mask devices [9] [10] [11] , and conventional thermoplastic mask with or without a dental bite block [12] [13] [14] , for a range of image-guided systems.
Hong et al. [6] reported that the setup corrections in the translational directions were within 1 mm by using kilovoltage orthogonal images with an onboard imager (OBI). Ramakrishna et al. [7] reported that the overall system accuracy of the frameless technique with a Brain-LAB ExacTrac stereoscopic X-ray system was comparable to that of the frame-based approach. Guckenberger et al. [15] reported that the overall setup error could be reduced from 3.9 ± 1.7 mm to 0.9 ± 0.6 mm by using cone-beam computed tomography (CBCT). As seen in the previous findings, the setup uncertainties can be reduced considerably through the use of advanced imageguided systems. On the other hand, residual systematic errors, which can contribute to setup uncertainties, still exist for a variety of reasons and the magnitudes of the errors differ from institution to institution. Therefore, each institution where SF-SRS can be performed needs to evaluate the institution's specific systematic uncertainties and to make every effort to minimize the setup uncertainties before initiating treatment. The author's institution has attempted to minimize the setup uncertainties of SF-SRS in many ways, such as using the modified mask creation method, locking the automatic couch movement, and using quality assurance for the alignment of each isocenter used for treatment. The present study used pretreatment CBCT imaging guidance to evaluated the setup uncertainties for SF-SRS based on the clinical data for two different mask-creation methods and compared the setup uncertainties with the previous findings.
II. MATERIALS AND METHODS
Between January 2011 and March 2014, at the author's institution, 46 patients were treated with SF-SRS while being immobilized with a BrainLAB frameless thermoplastic head mask. From January 2011 to August 2012, as shown in Fig. 1(a) , dedicated masks for 23 patients were created as a routine mask (R-mask)-making method, as explained in the BrainLAB's user's manual. However, the R-mask only covered the lower region of the patient's frontal bone. Since September 2012, the R-mask was replaced with an alternative mask (A-mask), which was created by using a modified maskcreation method, with an expanded shape for the 23 patients. The A-mask was capable of covering the top of the patient's head, as shown in Fig. 1(b) . For SF-SRS treatment planning, all patients underwent CT using a Somatom Emotion 6 helical CT scanner (Siemens Medical Systems, Erlangen, Germany) with a 2 mm slice thickness. During CT image acquisition, the BrainLAB localizer was mounted on a dedicated frameless mask system to provide three-dimensional (3D) stereotactic coordinates for target localization. The resulting CT images were transferred to the iPlan planning system 3.0.2 (BrainLAB, Feldkirchen, Germany). The gross tumor volume of each patient was contoured based on the mag- netic resonance imaging (MRI) scans by comparing the planning CT images. At least six or more non-coplanar arc beams were planned by trained medical physicist. If the setup uncertainty of each mask is to be assessed more accurately, other factors that can affect the systematic uncertainty in SF-SRS should be reduced as much as possible. These factors include the misalignment of room lasers with the radiation isocenter and discrepancies between the CBCT isocenter and the treatment machine's radiation isocenter. Quality assurance (QA) for the accuracy of the laser alignment to the radiation isocenter was carried out by using the Winston-Lutz test with a tolerance level of 0.5 mm for different collimators, couches and gantry angles. The accuracy of the alignment of the CBCT isocenter to the treatment machine isocenter was checked by using a standard OBI QA phantom with a threshold within ±0.5 mm in the left-right (LR), the superior-inferior (SI), and the anterior-posterior (AP) directions. This QA procedure was performed immediately before the patient's treatment. All SF-SRS patients were immobilized using a frameless head mask made by using each creation method. The patients were then positioned and aligned according to the stereotactic Brain-LAB target positioner by using in-room setup lasers. Subsequently, the CBCT images were acquired by using gantry-mounted OBI systems in the low-dose head mode in the available scanning protocol. The CBCT imaging acquisition time was approximately 30 seconds for the mode with a gantry rotation of 200
• . All acquired CBCT images had a sufficient scan length to register between the CBCT images and the planning CT images with a 2 mm slice thickness. The 3D image registration was first performed automatically by using the OBI registra-
